Objective-High-resolution MRI methods have been used to evaluate carotid artery atherosclerotic plaque content. The purpose of this study was to assess the performance of high-resolution MRI in evaluation of the quantity and pattern of mineral deposition in carotid endarterectomy (CEA) specimens, with quantitative micro-CT as the gold standard. Methods and Results-High-resolution MRI and CT were compared in 20 CEA specimens. Linear regression comparing mineral volumes generated from CT (V CT ) and MRI (V MRI ) data demonstrated good correlation using simple thresholding (V MRI ϭϪ0.01ϩ0.98V CT ; R 2 ϭ0.90; thresholdϭ4ϫnoise) and k-means clustering methods (V MRI ϭϪ0.005ϩ1.38V CT ; R 2 ϭ0.93). Bone mineral density (BMD) and bone mineral content (BMC [mineral mass]) were calculated for CT data and BMC verified with ash weight. Patterns of mineralization like particles, granules, and sheets were more clearly depicted on CT. Conclusions-Mineral volumes generated from MRI or CT data were highly correlated. CT provided a more detailed depiction of mineralization patterns and provided BMD and BMC in addition to mineral volume. The extent of mineralization as well as the morphology may ultimately be useful in assessing plaque stability. (Arterioscler Thromb Vasc Biol. 2005;25:1729-1735.)
A significant fraction of all ischemic strokes is caused by carotid atherosclerosis. Degree of stenosis is a major risk factor, but factors unrelated to the extent of vascular constriction play a role in causing neurological symptoms, including the morphology and composition of the atherosclerotic plaque. 1, 2 Components of plaque associated with symptoms ("vulnerable plaque") include surface ulceration, thinning of fibrous cap, presence of hemorrhage, lipid core, and inflammation and neovascularity. [3] [4] [5] [6] Dystrophic calcification (mineralization) and even lamellar bone have been described in carotid plaques. 7, 8 There is evidence for an association between plaque lipid and dystrophic mineralization. 9 Using confocal microscopy, Sarig et al 10 found that cholesterol or associated lipids may act as a nucleus for hydroxyapatite crystal formation. It is unclear to what extent carotid plaque calcification affects the risk of embolic stroke. Certain patterns of calcification may help grade lesions and provide an indicator of stability. 11 The potential role of MRI for noninvasive assessment of plaque morphology and lesion burden quantification has been addressed in several investigations ex vivo and in vivo. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] The appearance of plaque calcification has been described as uniformly dark in signal intensity on all MRI sequences. 18, 25, 26 However, there are other components of atherosclerotic plaque that may show decreased signal intensity on some or all pulse sequences; for example, solid cholesterol hydrate may be present and plaque lipids may exhibit T2 shortening secondary to liquid crystal behavior, depending on the lipid composition and cholesterol content. 20, 27 Induced magnetic field inhomogeneities caused by differences in diamagnetic susceptibility between soft tissue and mineral may, in principle, lead to overestimation of mineral content on MRI. Alternatively, some forms of calcification or ossification could conceivably not appear dark on MRI. The purpose of this study was to assess the performance of high-resolution MRI in evaluation of the quantity and pattern of mineral deposition in carotid endarterectomy (CEA) specimens, with quantitative micro-CT as the gold standard. rately, treated as separate specimens for imaging purposes (20 specimens imaged). All studies were performed within institutional review board guidelines, and consent was obtained. Clinical information is summarized in Table 1 .
Magnetic Resonance Imaging
Specimen MRI was performed on a DMX-400 9.4-T vertical-bore NMR spectrometer/microimaging system (Bruker, Inc.), imaging in saline at 37°C in the 15-mm radiofrequency coil insert. Specimen imaging consisted of short-repetition time (TR) spin echo (TRϭ700 ms; echo time [TE]ϭ12 to 13 ms) and long-TR multiecho spin echo (5 evenly spaced echoes; TRϭ2000 ms; TEϭ9 to 10 ms for first echo), 4 averages for long and short TR sequences. Diffusionweighted images (DWI) were also acquired (TRϭ2000 ms; TEϭ36 ms, bϭ1044 s/mm 2 , 4 averages). Section thickness was 0.5 mm, field of view (FOV) 15 mm, and matrix 256ϫ256 for an in-plane resolution of 59 m (voxel volume 1.72ϫ10 Ϫ3 mm 3 ). Contiguous 0.5-mm sections were obtained in 2 interleaved acquisitions.
CT Imaging
Specimen CT studies were performed on an MS8 micro-CT specimen scanner (GE Medical Systems, formerly Enhanced Vision Systems). 28 Data were acquired using the following parameters: volumetric cone-beam acquisition, 80 kVp and 80 A, FOV 15 or 33 mm (depending on size of specimen), 360°a cquisition, 720 views, 0.5°angle increment, 3 averages, and 0.020-inch thick aluminum filter. Volumes were reconstructed using a Feldkamp cone beam algorithm, with typical resolution of 33-m isotropic voxels (voxel volume 3.59ϫ10 Ϫ5 mm 3 ). A hydroxyapatite phantom with a known bone mineral density (BMD) of 1073 mg/mL was scanned with the same parameters for calibration of reconstruction to obtain quantitative analysis of mineral content. Another phantom with serial dilutions of K 2 HPO 4 solution ranging from 0 to 1000 mg/mL was also scanned to ensure linearity of the absorbance over a range of mineral densities because of possible beam-hardening effects. 29 K 2 HPO 4 is known to have the same attenuation per unit mass as bone mineral. The specimen and phantoms were scanned in air within a sealed tube to allow visualization of specimen soft tissues as well as calcifications.
MRI Analysis
Mineral volume was calculated using 2 different approaches, one based on a simple thresholding algorithm and the other based on a k-means clustering algorithm. For the thresholding approach, the first echo of the multiecho sequence (first of 5 images or echoesϭproton density-weighted [PDW] image) was used. Data were processed using custom software developed using IDL (Research Systems, Inc.). For each specimen study, the background noise value was estimated by the mean signal intensity of the PDW image in a 20ϫ20-pixel region of interest (ROI) near the corner of the middle rectangular slice, outside of the object (the cylindrical container with saline and specimen). A binary mask was first generated for each section to remove background pixels. Mineral maps were generated by a 2-step process: (1) a preliminary mineral map was created by finding all pixels within the specimen, the values of which were less than a user-specified threshold (a fixed multiple of the background noise estimate); and (2) this raw map was then digitally processed by a clustering algorithm that applied a morphological opening operator with 2-pixel structuring elements (equivalent to an erosion followed by a dilation) so that isolated pixels would be discarded from the final mineral map.
Thresholds of 4 and 8ϫ the background noise were chosen based on previous work and on initial visual comparison of the mask with expected mineralized regions (ie, those with markedly decreased signal intensity; Figure 1 ). 18 Gas bubble formation was unavoidable in magnetic resonance (MR) acquisitions, and these were sometimes mistaken for mineralized pixels by this algorithm. The appearance of bubbles was usually distinct, either located outside of the specimen or with an associated flare artifact at the bubble edge ( Figure 1 ). The user could manually eliminate these pixels from further analysis. For each threshold, pixels identified as mineral were recorded for each imaging section and summed, and mineral volume calculated by multiplying the number of mineralized pixels by voxel volume. 
PAD indicates peripheral artery disease; CAD, coronary artery disease; DM, diabetes mellitus; FH, family history CAD; HTN, hypertension; TIA, transient ischemic attack; Statin, currently medicated with statin drug; M, male; F, female.
Regarding tobacco use, N indicates never; C, current; F, former.
For the k-means clustering approach, 30 data were processed using ImageJ with a k-means clustering plug-in (public domain image processing and analysis software developed in Java; National Institutes of Health). A multicontrast image stack was created for each specimen using 5 different image contrast weightings: the first, third, and fifth echo of the multiecho sequence (PDW, intermediateweighted, and T2-weighted [T2W]); T1-weighted (T1W); and DWI. The k-means algorithm allows segmentation of multicontrast images, in which each voxel is represented by a vector of n contrasts (nϭ5 in this implementation as detailed above). Voxels are assigned to a cluster based on proximity to the cluster centroids. The centroids are initiated with a random seed (the same in each case for this study) and then iteratively optimized until tolerance criteria are met (cluster center tolerance 0.0001 for this study). Four clusters were allowed. A reproducible assignment of mineralized voxels to 1 cluster was obtained in this manner (the other 3 cluster assignments were not evaluated in this study; Figure 1 ).
CT Image Analysis
Microview (GE Medical Systems, freely distributed 3D volume viewer) was used to generate mineral mass, volume, and BMD. Briefly, a cylindrical 3D ROI was first positioned to include the CEA specimen. In some cases, the specimen could not be completely included in the MRI FOV. In these cases, the analyzed CT volume was matched to the imaged MRI volume. Mineral mass in each voxel was calculated based on a 2-component model: a cortical bone equivalent (hydroxyapatite density 1073 mg/mL) and a soft tissue or water component (hydroxyapatite density 0 mg/mL). Mean attenuation in each voxel in the 3D ROI was converted to density by interpolating along this line. Density multiplied by voxel volume yielded voxel mass. A standard attenuation value midway between air and soft tissue attenuation of Ϫ500 apparent density units (ADU) was chosen to exclude air-containing voxels from the calculation. The sum of voxel masses yields total mineral mass or bone mineral content (BMC).
The volume fraction of mineral in the original 3D ROI can be calculated by identifying a threshold between soft tissue and mineral. A threshold of 2500 ADU was chosen empirically to insure inclusion of mineral containing voxels, corresponding to a point between peaks in the histogram for mineral-containing structures and for soft tissue. Mineral volume is the product of the original 3D ROI volume and the volume fraction of mineral in the ROI. The BMD corresponding to only the mineralized portion of the specimen was calculated for each specimen by dividing mineral mass (BMC) by mineral volume.
Ash Weights and Chemical Analysis
BMC was checked against ash weights for the first 12 subjects. After imaging, specimens were frozen in liquid nitrogen and pulverized with a mortar and pestle. Lipids were extracted using a modified Folch technique 31 for use in a separate study. Tissue fragments were retained, and solvents were evaporated. The fragments were dried, weighed at room temperature, and transferred to crucibles. They were placed in a furnace for 24 hours at 540°C. The specimen fragments and crucibles were weighed after they had cooled to room temperature and ash weight calculated by subtracting crucible tare weight. Specimen fragments and crucibles were stored and transferred in the presence of a dessicant at all times. The ashed specimens were then analyzed for calcium and phosphorus content using inductively coupled plasma-mass spectrometry (ICP-MS). For ICP-MS measurements, digestion of ashed specimens was first performed in a closed vessel nitric acid procedure. Dectection and quantitation of calcium and total phosphorus were based on the 44 Ca and 31 P ions using scandium as the internal standard. Results were generated in parts per million and the mass of each element then calculated based on the mass of the ashed specimen.
Data Analysis
A statistical analysis software package (JMP Start Statistics, second edition; SAS Institute) was used to calculate a straight-line leastsquares regression comparing mineral volumes generated from MRI versus CT data. The same approach was used to compare measured BMD with control phantom BMD samples and to compare calculated BMC with ash weight and mineral content measured with ICP-MS.
Results
On visual inspection of micro-MR images compared with micro-CT images, mineral appeared as regions of markedly decreased signal intensity on micro-MR images and matched regions of increased attenuation on CT. Finer detail regarding pattern of mineralization was evident on micro-CT images, in which particles, granules, and sheets were clearly visualized ( Figure 2 ). Different patterns of mineralization could be segmented on the basis of the histogram. In Figure 3 , color overlays corresponding to lower (Ϸ2500 to 3800 ADU), middle (Ϸ3800 to 5500 ADU), and upper (Ͼ5500) sections of mineral-containing bins from the sample histogram are displayed with the native image for 3 locations. Less dense, more amorphous and particulate patterns fell into the first (lower) range, whereas denser-appearing mineralization corresponded to middle and upper ranges. BMD from a small ROI in the more amorphous or particulate region was 771 mg/mL. Regions with denser, sheet-like appearance showed BMD at 1019 mg/mL. In a more sclerotic focus, BMD was 1462 mg/mL. Table 2 lists mineral volumes derived from MRI and CT data, as well as mass and BMD measurements from CT data for the specimens. Figure 4 shows plots of mineral volumes and corresponding linear regressions for MRI versus CT (V MRI and V CT , respectively) using a threshold for MRI of 4ϫbackground noise and using the k-means clustering algorithm. MRI agreed well with CT measurements at this threshold (linear fit V MRI ϭϪ0.01ϩ0.98V CT ; R 2 ϭ0.90; Fϭ166.62; PϽ0.0001). Mineral volume was overestimated by MRI compared with CT for the threshold of 8ϫbackground noise (linear fit V MRI ϭϪ0.01ϩ1.49V CT ; R 2 ϭ0.86; Fϭ 110.51; PϽ0.0001) and for the k-means clustering approach (linear fit V MRI ϭϪ0.005ϩ1.38V CT ; R 2 ϭ0.93; Fϭ243.0; PϽ0.0001).
BMC showed good agreement compared with specimen ash weight for the 12 specimens for which ash weights were obtained (linear fit BMCϭ16.04ϩ0.97ash weight; R 2 ϭ0.98; Fϭ540.72; PϽ0.0001; Table 2 ). Calculated BMD of the calibration phantom and the K 2 HPO 4 dilutions compared with known concentrations demonstrated an excellent linear relationship (calculated BMDϭ30.78ϩ0.963control BMD; R 2 ϭ0.99; Fϭ912.29; PϽ0.0001).
Calcium and phosphorus content of the ashed specimen are also listed in Table 2 . One sample (subject 5) was too small for accurate quantitation of phosphorus. The mean ratio of the masses of calcium to phosphorus (Ca/P) in the other 11 ashed specimens was 2.14, which agrees with the expected Ca/P ratio of 2.15 in hydroxyapatite. Comparing calculated BMC with expected mineral mass generated by dividing the calcium mass by 0.40 (calcium fraction in hydroxyapatite) also demonstrated an excellent linear relationship (calculated BMCϭ19.73ϩ1.12expected BMC; R 2 ϭ0.97; Fϭ387.12; PϽ0.0001), although CT overestimated mineral content compared with chemical analysis.
Discussion
It is believed that atherosclerotic calcification is more regulated and organized than originally thought, as opposed to a passive process. 32 Progression in extent and changes in morphology of calcifications in plaque have been described as atherosclerotic plaques become more advanced and as patients age. Initially, stippled calcifications can be seen as early as in type III lesions, progressing to more solid calcifications and bone in types IV through VII. 11, 33 It is currently unclear to what extent the morphology and the presence or quantity of calcification in carotid plaque affect the risk of embolic stroke.
In this study, mineral in CEA plaque specimens was demonstrated with MRI, and measures of mineral volume generated with 2 segmentation approaches were highly correlated with CT measures of mineral volume. The relationship was closest to identity for a simple thresholding method of 4ϫbackground noise, whereas inspection of the segmented images and micro-CT images in this case suggested that much of the apparently mineralized material was excluded (Figures 1 and 4) . Using a threshold of 8ϫbackground noise or a k-means clustering algorithm, the segmented MR images appeared to match micro-CT images more closely on visual inspection, but the slope of the regression line was Ͼ1 (1.49 and 1.38 for 8ϫbackground noise thresholding and k-means clustering approaches, respectively; Figures 1 and 4) .
One might expect an exaggeration of extent of mineralization because of heterogeneous magnetic susceptibility around particulate calcifications and the decreased signal intensity associated with other short T2 species in the specimen like cholesterol crystals or solid/semisolid phase lipids. 20, 27, 34 At least for the thresholding method, the comparison was with only the first echo (TEϭ9 to 10 ms) of a multiecho spin echo technique, which would minimize signal loss from susceptibility-induced gradients. However, longer TE se- quences incorporated into the k-means clustering approach may have had an effect in this regard. Partial volume effects likely played a role in either case. The resolution of the MRI data (voxel volume 1.72ϫ10 Ϫ3 mm 3 ) was lower than that of the CT data (voxel volume 3.59ϫ10 Ϫ5 mm 3 ), so that a voxel with only a small fractional mineral occupancy labeled as mineral would exaggerate actual mineral volume for MRI measurements relative to CT measurements. We used multi-planar (2D) MR acquisitions, but other sequences such as 3D gradient echo acquisitions may be more accurate in this light. 26 Shinnar et al used a threshold of 4ϫbackground noise on a PDW image for calcification thresholds, 18 which showed good agreement for our data compared with CT ( Figure 4 ) but appeared to underestimate apparent mineralization on visual inspection (Figure 1 ). Timing parameters for the PDW spin echo images were similar, and field strength was identical, although Shinnar used a single echo spin echo sequence.
Although not apparent in this small data set, mineral may not necessarily appear dark on all imaging sequences. Henkelman et al 35 examined the concentration-dependent signal intensity of hydroxyapatite at 1.5 T and found that T1 decreased as concentration of hydroxyapatite increased, leading to increased signal intensity on T1W images. T1 shortening was dependent not only on concentration of hydroxyapatite but also on surface area of mineral. This only occurs to a point because signal loss attributable to decreased proton density and decreased T2 will eventually dominate effects on signal intensity. The signal intensity of mineral on T2W images can also be variable and, in some cases, is increased although usually decreased. 35, 36 Marrow inclusions may be present in atherosclerotic ossification, 37, 38 although it is uncertain to what extent the presence of these inclusions could alter signal intensity. In summary, depending on the concentration, morphology, and environment of mineral in atherosclerotic plaques, the signal intensity of the mineral could vary. One could consider that CT measurements underestimated mineral volume instead of overestimation with MRI, although this is less likely. Calculations of mineral concentration were checked against known concentrations of a hydroxyapatite mimic at 1073 mg/mL and also K 2 HPO 4 dilutions. 29 Also, ash weights showed good agreement with mineral mass calculated on the basis of these assumptions. Calibration and verification of CT results was based on the assumption that the mineral in the specimen is primarily hydroxyapatite. 39 This was validated by ICP-MS measurements of calcium and phosphorus content, in which Ca/P ratios were consistent with a primarily hydroxapatite mineral content. The ICP-MS estimates of mineral mass are lower than those obtained by quantitative micro-CT and ash weight, although there is a very high correlation among all 3 types of measurements. The lower values obtained by mass spectrometry can be explained by the well-known fact that bone and dystrophic calcification (deposited by osteoblasts) consist of a nonstoichiometric calcium apatite in which some anionic and cationic lattice positions can be occupied by other ions. Because in our assay only phosphorus and calcium were measured with ICP-MS, this method could underestimate the actual mineral content. The presence of noncombustible material in the specimen preparation, such as buffer salts, could also have contributed to the discrepancy compared with ash weight.
Depiction of mineralization patterns was quite detailed on micro-CT images, in which particles, granules, and larger sheets were seen. Presence of large calcific deposits like the larger granules and sheets correlates with older age and histological types V, VI, or VII. 7, 8, 32, 33 Certain patterns of mineralization may help grade lesions and perhaps provide an indicator of stability. 11 For example, Hunt et al found bone more often in stable plaques compared with unstable plaques, and patients with large granular calcifications in plaques had fewer ischemic events. Huang et al reported that increases in percent area of plaque occupied by calcium in coronary plaques was associated with decreased stress in the plaque, whereas increased plaque lipid content was correlated with increased stress. 40 On the other hand, some investigators argue that certain types of calcifications may increase risk. 32, 33 For example, a shearing plane can be created between calcified and noncalcified plaque, predisposing to rupture in response to a stress such as angioplasty. 41 Even if increased calcium in plaques in one form or another can be shown to stabilize plaque, the fact remains that increased calcium content can still be a marker for more severe local or systemic atherosclerotic disease. 40 Electron beam CT-derived coronary artery calcium scores have been shown to correlate with extent of coronary atherosclerosis, and this technique has been used to indirectly assess the quantity of coronary plaque and to predict risk of future events. 42 Peripheral arteries (including carotid arteries) and the aorta can also be assessed in this way, and peripheral arterial calcification correlates with coronary artery calcium. 43 Multidetector CT was used recently to calculate calcium content in CEA specimens. 44 They found that volume scores were not as reliable as mineral mass. Mineral mass can be calculated from our CT data, but volume quantitation seemed to be the best way to initially compare MR and CT.
CT angiography has become increasingly used in the last decade. Similar to the MR techniques listed above, CT angiography provides a 3D data set, which contains detailed information about not only the lumen but also about the vessel wall. Because the role of calcification (mineralization) may prove important for determining plaque stability, CT techniques would seem well suited for this application. Plaque density (aside from mineralization) may also be useful. 45 A limitation of this study includes difficulties with registration between MRI and CT. Because of scanner configurations, the specimen had to be loaded into different holding devices. Therefore, positioning was difficult to match exactly, and deformation of the surgical specimens was often different. However, comparisons between calculated mineral volume, BMD, and BMC in specimens with MR versus CT should still be valid because the same overall volume was compared, and these values do not require a slice-by-slice registration. Another problem was bubble formation during MRI studies at 37°C. Although labor-intensive, this could be accounted for during the image analysis step. Although care was taken to eliminate bubbles before image acquisition, this problem could have been further minimized by degassing the sample and buffer under low vacuum. An alternative solution is currently in use, in which studies are now performed in Fomblin (perfluoro polyether) instead of saline to avoid this problem and to improve contrast between specimen and background. Finally, the resolution obtainable in this study with ex vivo MRI and CT is not currently possible in vivo, and thus, not yet directly applicable in a clinical setting. Comparison of preoperative in vivo imaging with ex vivo specimen imaging is currently under way.
In conclusion, mineral volumes generated from MRI or CT data are highly correlated, but MR estimates of mineral volume appear to be sensitive to the method chosen for segmentation. CT provides a detailed depiction of mineralization patterns and allows for generation of mineral density and mineral mass measures in addition to mineral volume. The extent of mineralization as well as the morphology may be useful in assessing plaque stability.
